Spontaneous combustion of sulfide ores has become a very severe disaster that affects the sustainable development of national economy in China. In order to achieve a more efficient approach to detect accurately fire source of spontaneous combustion underground mine so that the fire disaster can be prevented as early as possible, a model of heat transfer was proposed and using the thermal infrared imager to detect spontaneous ignition of sulfide ores was designed. The simulation results of thermal modeling show when closing to self-ignition duration and the detective depth is 1m, the maximum temperature difference is corresponding 2.78 in the scope of 1m×1m; Under the same condition, the maximum temperature differences are 4.23 and 5.25 respectively in the scope of 1.5m×1.5m and 2m×2m. The larger the detection zone is, the higher the temperature difference will be. For those reasons, a detection system of the fire source of spontaneous combustion was studied on the basis of IRI-1011 thermal infrared imager to analyze temperature anomalies recorded. The results of field practice show that the detection approach can be applied for develop a new detection system of the fire source of spontaneous combustion.
Introduction
It is well known that spontaneous combustion (SC) has become one of the most serious safety problems in the mining of sulfide orebody [1] [2] [3] . Up to now, approximately 30% of nonferrous metal mines, 10% of iron mines (mainly pyrite) and 10% of non-metallic materials mines contain sulfide ores with SC potential in China [4] . SC is combustion under natural conditions, which mainly develop through the process of self-ignition and is frequently triggered by mining activity. SC is caused by the exothermic reaction becomes self-accelerating until combustion occurs. When SC occurs in an underground mine, a great quantity of ores can ignite and cause considerable damage. A large quantity of high temperature gases that contain sulfur dioxide and sulfuric acid fog will be produced and diffused throughout the mine which will threaten the lives of workers and disturb normal mine production. At the same time, the strong acid gas and fluid can seriously corrode the equipment in the mine. In particular cases, miners can be killed in such a disaster. In addition, the self-heating phenomenon and reaction formation products can cause the spontaneous detonation of explosives in a blast hole. Sulfide dust explosions following blasting have also been reported in many mines with sulfide ores. With mining resources becoming lacking, the depth of underground exploitation will be increased. Once the fire happens, it must induce incredible losses. Because of these problems, many researchers in different countries have devoted considerable effort investigating the mechanism, prediction, and extinguishing of a sulfide ore fire, explosive spontaneous detonation and dust explosion. Considerable results have been achieved over the past years, in such areas as an understanding of the chemical thermo-dynamical and electrochemical mechanisms, geological investigations, SC potential tests, oxidation suppressants, ventilation, relevant measures, etc. A further simple and commonly used approach is to analyze temperature anomalies recorded at the near-surface of sulfide ores. However, little attention has been paid to the processes causing temperature anomalies at the surface, which plays a dominating role in the process of prevention of SC. Temperature anomalies analyze is one of the most complex subjects in the detection of fire source.
There are a variety of test methods currently in use for detection of open fires and SC based on temperature measurement methods [5] [6] [7] [8] [9] . As one of them, the infrared thermal imaging technique has many advantages over the thermocouple technique. First of all, the IR technique is a non-intrusive, i.e., no physical contact with the heat source is attained so there is no adverse effect on the temperatures and devices. In other words, the IR technique does not interfere with the flow of heat like thermocouples do. Second, the IR technique has a very fast response, making it a very useful instrumentation in temperature measurement. The disadvantage of the IR technique is that the exact surface emissivity should be known in order to make an accurate measurement. Knowing the exact surface emissivity is a function of surface temperature, surface roughness and possible phase transitions. Including some problems still exit about how to detect fire source. Considering the ore pile as a large volume containing a thermal source which maintains a constant temperature on one moment in time and covered by ores, some information about fire source will be given feedback to its surface when the ore body with SC tendency emits infrared radiation. Fire detection technology of infrared thermal imaging can scan ore pile surface temperature field distribution by thermal infrared imager, and then obtain temperature field information of ore pile according to the anomalies of surface temperature distribution, so as to identify whether there is a fire within the ore pile and its depth. In this paper, the aim of this research is to present a new approach to detect SC of sulfide ores based on the IR scanning system.
Thermal modeling of SC
To analyze the influence of involved physical and chemical processes to resulting temperature anomalies along the surface of Stockpile, thermal modeling of SC has been performed with partial differential equation of heat conduction.
Assumed process
For reasons of simplicity, the following assumptions are made: The ore body surrounding fire source is homogeneous and isotropic. The area of fire source is small and the distance from the fire source to the ore body surface is much longer than the size of the fire source, which can be considered as a point fire source. The heat convection inside ore body is ignored. Fig.1 presents the processes and heat transport mechanisms used here. According to heat balance theory, heat transfer between spontaneous combustion sites is satisfied with two conditions as follows [10] :
Heat output from inside to outside of ore body is equal to the one from the surface to the air. Heat production in the ore body is equal to the heat output from inside to outside. The energy transport equation is formulated under the assumption of thermal equilibrium between solid matrix and gas:
Here in kg/m 3 is the apparent density of sulfide ores; c is the apparent heat capacity of sulfide ores in J/(kg·K); T is the temperature field function; in W/(m· K) is the effective thermal conductivity; 2 is Laplacian and q v in W is the inner fire source. The fire source was considered as a point heat source, the inner heat source term can be written as q· (r), so the heat exchange equation of point heat source in steady state can be defined as:
Where q stands for the heat source intensity; (r) is the function which means that there is an infinite heat source at r =0 and no source at r 0.
In the sphere coordinate system, the Eqn. (3) can be written as:
According to Gauss' law: Where C 1 is a constant and the following equation can be obtained:
Substituting the value of C 1 into Eqn. (6), the surface temperature can be described as:
Where r in m stands for the distance between the fire source and an arbitrary point on the ore body surface. Generally, thermograph detects differences in IR radiation intensity emitted from the surface of an object. The differences are caused by the different heat content of the object or its various parts, additionally influenced by the surface emissivity characteristics. When a non-homogeneous structure, having different thermal characteristics, initially being in thermal equilibrium with its surrounding, is exposed to heat stimulation the temperature difference Conductive heat flows Fire source
Convection
Ore body occurs in the structure as well as on their visible surfaces [11] .The surface temperature distribution T(x) can be established as:
Where T a in is ambient temperature and the highest temperature differences on the ore body surface can be described as follows:
Eqns. (8)- (10) show the depth and intensity of fire source are unknown. In reality, the surface temperature can be measured by an infrared detector and its temperature differences can be calculated. Also, the value of x can be obtained by measurement in situ. For this reason, it is possible to detect the information of the inner fire source, including the depth and the intensity.
Surface temperature difference identification of ore body
On the basis of the detecting level of IRI-1011 thermal infrared imager (Technical parameters are shown in Table  1 ), the detecting zone was obtained as the simulation range in Table 2 . When the internal temperature of stockpile was over 60 , the ore was closing to self-ignition duration [3] . So, according to mine underground condition, taking T 0 =30 as the ambient temperature and the coefficient of heat conductivity of sulfide ores =0.84 W/m• , simulating the thermal transfer in the condition of different h values from 1m to 10m when the temperature were 60 and 100 , The relationship between detection depth and detection zone in different heat source temperatures are required by numerical simulation, the results in detail are given in Tables 3. And distribution of temperature difference on the surface of ore body with the increasing of the light-sensing area is shown in Figure 2 . Table 3 showed when closing to self-ignition duration and the detective depth is 1m , the maximum temperature difference is corresponding 2.78 in the scope of 1m×1m; Under the same condition, the maximum temperature difference are 4.23 and 5.25 respectively in the scope of 1.5m×1.5m and 2m×2m. From Fig.2 , It is obvious that spontaneous ignition ores formed temperature difference on the surface from centre to surrounding, and the larger the detection zone is, the more the temperature difference will be. Therefore, it is undoubted that the effects of utilizing thermal imaging equipment are better by enlarging the light-sensing area, but limiting to the Total Field of view (TFOV) and the field condition, the light-sensing area will be not too ideal. For this detection system of IRI-1011 thermal infrared imager, the light-sensing area is about 1m×1m when detecting distance is nearly equal to 3m, and the one is less than 2m×2m at 5m of detecting distance, so the temperature differences obtained in the scope of 1m×1m are littler when the position of fire source is deeper. 
Detection system design
To be considered the actual situation of undermine and complex features of firing position, the detection system was designed to follow the principles of real-time imaging and carrying easily. The framework of the overall structure was shown in Figure 5 . Computer processing system is mainly responsible for showing infrared images, pseudo-colour conversion, image storage and analysis functions with real-time. In view of the complex characteristics of underground and requirements of online monitoring, we are taking full account of the whole machine size, weight and image processing speed requirements, so that select Compaq Presario V3000 PC by RS232 interface and USB adapter cable to transmit the IR imaging signal to the computer, and using the powerful data processing of portable computer to take on a variety of online image processing and improving image quality. And we can store the image at any time, for the purpose of facilitating offline treatment. Fig.3 . Structural frame of detection system for fire source
Image processing
The original infrared image has almost been disturbed by some noises to some extent, such as shot noise and Gaussian noise, which made image quality deteriorate and resulted in image blurring, so that it is difficult to analyze. As we know, the effective elimination method of shot noise is the median filter frame, and equalizing superimposed multi-frame image is used as a main way. Bidirectional histogram equalization algorithm was taken to enhance image, that is, equalization of infrared image processing is considered in the histogram of the gray density and intensity interval from both directions at the same time. 4 shows the results of image enhancement. Histogram equalization processing separately can improve the contrast ratio of the original image. However, the contrast ratio will change to be higher due to density uniform processing of the image, and the stain will be produced as a result of the image produced is not continuous and gray is missing. So equalization of gray space is further carried out on the basis of histogram equalization.
The equalization formula of probability density can be described as follows:
Where n is the sum of pixels in the image, i and k are the gray value of images before and after transformation respectively, and n j is the number of points which the value of gray density is j in original image. Gray density transform formula for equalization can be described as:
Where k and i are the gray value of images before and after transformation, L e is statistical sum of greyscale of the original image.
fire source location
As mentioned above, heat transfer performance of fire source is formed with a balanced three-dimensional temperature field within ore pile. A specific description about location of fire source is shown in Fig.5 . 
Field practice
In the investigation, the IRI-1011 thermal infrared imager (Technical parameters are shown in Table 1 ) was used to measure the surface temperature of the sulfide ore stockpile in stope of Yinjiagou Pyrite Mine, of which SC occurs. The environment in the stope with sulfide ores stockpile is awful, with temperature 30~40 centigrade degrees, gas of SO 2, and humidity 90~100%. Since the surface of ores stockpile is very coarse, radiation reflected on the surface will be reflected many times. Because each reflection can absorb parts of radiation energy, the correct measuring data of surface temperature on the ore stockpile is a little difficult to get until a steady status is obtained. Considering the conditions above mentioned, we have obtained the surface emissivity of the ores by experiments ( = 0.88),and some typical pictures of surface temperature on the ore pile of Yinjiagou Pyrite mine measured with the thermal imager are shown in Fig.6 . The measured temperature data are close to the practical situation. According to the method of fire source location, the highest temperature point O´ can be found using the thermal infrared imager, and point A is combined to estimate the depth of fire source. In addition, the thermal imager shows that the temperatures of point O´ and point A are 39 and 38. 3 respectively, and the distance betwee n two points is 0.48m. By calculating and comprehensive analysis, the fire source can be estimated. Field test of grouting through the point A proves that the result of detection is agreed with the practical situation. 
Conclusions
Temperature of sulfide ore dump is an important parameter in judging its oxidation and self-heating velocity and the temperature can be further used to forecast the SC. So temperature measurements remain an attractive approach to investigate SC of sulfide ores and detect its fire source using advanced equipments. Thermal infrared imager was introduced and applied to measure surface temperature of sulfide ore pile, and then, detect the location of fire source with thermal modeling. Research results show that for the ore body closing to self-ignition duration (60 ), the detection effect is better when fire source depth is less than 10m. Also it is possible to detect fire source theoretically when the fire source depth is over 10m, so long as there is a more advanced detection system. Furthermore, a case of field test proves that the result of detection is agreed with the practical situation. Therefore, the thermal infrared imager can be used to measure the surface temperature of sulfide ore stockpile, if it is used correctly. Since the apparatus is convenient for using in field, it is of great significance to observe oxidation and self-heating magnitude of sulfide ore piles and them can be used to detect the SC disaster.
